The electronic scattering rates in metals after ultrashort pulsed laser heating can be drastically different than those predicted from free electron theory. The large electron temperature achieved after ultrashort pulsed absorption and subsequent thermalization can lead to excitation of subconduction band thermal excitations of electron orbitals far below the Fermi energy. In the case of noble metals, which all have a characteristic flat d-band several electron volts well below the Fermi energy, the onset of d-band excitations has been shown to increase electron-phonon scattering rates by an order of magnitude. In this paper, we investigate the effects of these large electronic thermal excitations on the ultrafast thermoelectric transport properties of gold, a characteristic noble metal. Under conditions of strong electron-phonon nonequilibrium ͑relatively high electron temperatures and relatively low lattice temperatures, T e ӷ T L ͒, we find that the Wiedemann-Franz law breaks down and the Seebeck coefficient is massively enhanced. Although we perform representative calculations for Au, these results are expected to be similar for the other noble metals ͑Ag and Cu͒ due to the characteristic large d-band separation from the Fermi energy.
I. INTRODUCTION
During ultrashort pulsed laser heating of metals, the low specific heat of electrons leads to a regime in which the electron system temperature can increase by several orders of magnitude, while the lattice or phonon temperature remains effectively unchanged. During this nonequilibrium period, the large electron temperature changes induced by powerful, ultrashort laser pulses can lead to thermal excitations of subconduction band electrons far below the Fermi energy. The electronic scattering rates for metals predicted by free electron theory are no longer valid in this regime and a clear understanding of the full electronic structure is essential. Noble metals all have characteristic flat d-bands several electron volts below the Fermi energy. When ultrashort pulsed laser heating is powerful enough to excite these d-band electrons, the electron-phonon scattering rates have been shown to increase by an order of magnitude. [1] [2] [3] While this scattering effect has been recognized, the contributions of d-band excitations to the electronic, thermal, and thermoelectric properties of metals during this picosecond time scale have not been explicitly addressed.
Large changes in material properties in metals during strong electron-phonon nonequilibrium are due to Fermi smearing of the electron distribution into bands far removed ͑a few electron volts͒ from the Fermi energy, creating a large change in electron and hole number density. 4 These subFermi energy excitations have also been shown to affect thermal conductivity and melting, 5, 6 thermal boundary conductance, 7 and optical absorption. 8 In this work, we investigate the effects of these large electronic thermal excitations on the ultrafast thermoelectric properties of bulk gold. We characterize the results presented in this work as ultrafast properties since they exist under conditions of electronphonon nonequilibrium ͑i.e., they are relevant in the picosecond temporal regime͒ and reiterate that the results in this work are only valid in this regime. Under conditions of strong electron-phonon nonequilibrium ͑relatively high electron temperatures and relatively low lattice temperatures, i.e., T e ӷ T L , where T L is the lattice temperature͒, we find that the Wiedemann-Franz law breaks down and the Seebeck coefficient is massively enhanced, leading to a temporary increase in the thermoelectric figure of merit, ZT, in bulk gold by several orders of magnitude. This predicted increase in ZT in Au is achievable without any structural modification or nanostructuring and is based solely on the intrinsic properties of Au. Although we perform calculations for Au, we expect similar results for the other noble metals ͑Ag and Cu͒ due to the characteristic large d-band separation from the Fermi energy and subsequent similar trends in the high-T e thermophysical properties among the noble metals.
II. COMPUTATIONAL DETAILS
The thermoelectric figure of merit, ZT, is given by ZT = S 2 T / , where is the electrical conductivity, T the temperature of the thermal carriers, and the thermal conduc-tivity. To evaluate ZT for any material, S, , and must be determined. The Seebeck coefficient of a material is given by
where e is the electron charge, T the temperature, v the carrier velocity, the relaxation time of the electrons, the electron energy, the chemical potential, f the Fermi distribution, and D the electron density of states per unit volume per unit energy. The electrical and thermal conductivities of a metal are given by
respectively, where F is the Fermi energy. Note that, in Eq. 
Note that, in noble metals in the low excitation regime, the electrons participating in transport can be assumed to have the free electron mass, m. In addition, the electron relaxation time on the Fermi surface, which is dominated by electronelectron and electron-phonon scattering, is independent of electron energy. For example, in Au, the free electron scattering time is only dependent on temperature, 10 and is estimated by 11 ,12 −1 Ϸ AT 2 + BT, where A and B are coefficients related to the electron-electron and electron-phonon scattering processes, respectively. 10 Subjected to low energy inducing low temperature excitations ͑i.e., energies or temperatures that do not drastically change the number density around the Fermi level͒, 2,4,7,13 the total density of states in metals can be approximated by the conduction band density of states at the Fermi energy. In this regime, the chemical potential is approximately equal to the Fermi energy, so Eqs. ͑4͒-͑6͒ reduce to
where k B is the Boltzmann's constant and n is the conduction band number density. This leads to the well known expressions for the Lorentz number, L = 2 k B 2 / ͑3e 2 ͒, and the thermoelectric figure of merit of a metal
The constant Lorentz number for a metal under these low excitation conditions is the basis of the Wiedemann-Franz Law.
14 The Seebeck coefficient ͓Eq. ͑7͔͒ leads to an extremely small value for ZT in a metal under these conditions. At room temperature ZT = 0.000162 for Au, which is nearly three orders of magnitude lower than the value for common semiconductor structures used in thermoelectric applications ͑ZT ϳ 1 for Bi 2 Te 3 alloys at room temperature͒. 15, 16 After short pulsed laser excitations creating electronphonon nonequilibrium, the thermalized electron system can achieve electron temperatures, T e , upwards of 10,000 K before coupling with and losing energy to the lattice. 2, 5, 6 This results in substantial smearing of the electron distribution into the underlying electron orbitals. In this case, the density of states of the excited electrons participating in transport cannot be approximated by the conduction band density alone but rather the density of the subconduction band orbitals, such as the d-bands in noble metals, must be included. In the calculations discussed in this work, we use an ab initio density of states for Au calculated with the approach discussed previously. 17 In short, the density of states of gold was calculated using a plane wave pseudopotential density functional approach 18 as implemented in the code QUANTUM ESPRESSO.
19,20 The Perdew-Zunger form for the local density approximation was assumed for exchange and correlation effects in the metal. 21 Gold atoms were described using an ultrasoft pseudopotential. 22 A plane wave cutoff of 70 Ry was used in all calculations and a Monkhorst Pack k-point mesh 23 of 48ϫ 48ϫ 48 was used for integrations in the first Brillouin zone. The tetrahedron approach was used to determine the density of states based on a fine k-grid in the Brillouin zone. 24 The chemical potential of Au at these high electron temperatures was calculated using the procedure discussed by Lin et al., 2 where the chemical potential at a given electron temperature is adjusted to match the electronic number density of the conduction band and first-subFermi level d-orbital ͑5d 10 ͒. As we are interested in determining the thermoelectric properties of Au as a function of temperature, we must consider a temperature range in which the change in the electronic and phononic structure of Au is static, as changes in the electronic and phononic density of states could change scattering times and carrier velocities. Recoules et al. 25 showed that at energies of 6 eV, Au vibrational properties showed a strong increase in amplitude and d-band-chemical potential separation increases. This is due to the fact that the excitation of 5d 10 electrons reduces electron screening and makes the effective electron-ion potential more attractive, resulting in more localized 5d 10 states. 25 This causes shrinkage in the width of the d-bands causing the edge of the 5d 10 band to decrease in energy more than the corresponding increase in chemical potential. To ensure that we are in a range in which the d-band does not shift with respect to the chemical potential, we use finite temperature density functional theory 26 to self-consistently calculate the Au density of states at several different electron temperatures based on the Fermi-Dirac distribution. Under the assumption that the excited electrons are out of equilibrium with the lattice, the lattice constant is kept fixed at the equilibrium value for all calculations. We plot the calculated shift in the d-band and the chemical potential as a function of temperature in Fig. 1 . Also shown is the difference between the chemical potential and the d-band shift ͓ + ͑d-band shift͔͒. The shift in the d-band density of states is minimal up to electron temperatures of ϳ10,000 K, at which point the d-band begins to migrate to lower energies with respect to the chemical potential. At 10,000 K, the energy shift in the d-band is less than 5%. Therefore, we restrict calculations in this work to electron temperatures less than 10,000 K to minimize the effects of changes in the 5d 10 band density of states. To determine the thermoelectric figure of merit of a metal under large electron-phonon nonequilibrium we consider S 2 and L for various electron temperatures assuming a lattice at 300 K. In this case, however, since the effective masses in the d-bands of the metal are much higher than those in the s / p-bands, we cannot make the simplifying assumptions made to derive Eqs. ͑4͒-͑6͒ ͑i.e., a constant effective mass͒. Therefore, we replace the product of the density of states, velocity, and scattering time in Eqs. ͑1͒-͑3͒ with
respectively. Since the thermoelectric phenomena examined in this study occurs before electron-phonon equilibration, we assume that the electrons are traveling nearly ballistically, and, therefore, are represented by their Fermi velocities. 27 The Fermi velocity in the s-and p-bands of Au is 1.4 ϫ 10 6 m s −1 . 28 For the d-band electrons, the Fermi velocity is decreased due to the increased band width compared to the s / p-band 29 and can be estimated as 40% of the s / p-band Fermi velocity for Au. [29] [30] [31] Note that in Eqs. ͑10͒ and ͑11͒, can no longer be factored out of the integral as in Eqs. ͑4͒-͑6͒. The scattering times are band-dependent due to the differing effective masses of electrons in the s / p-and d-bands. 32 The form of the scattering time in each band is given by
, where we assume a lattice temperature of T L = 300 K since our goal is to study the thermoelectric properties of Au under conditions of strong electron-phonon nonequilibrium. While the scattering coefficients ͑A and B͒ are usually assumed to be constants, at high electron temperatures, there will be a change in the electronic number density in the s / p-and d-bands and hence a change in the electronic scattering rates. Given that the scattering rates are related to the electronic number density, 10 we describe the scattering times as
where n d is the number of electrons excited from below the d-band edge in Au into the s / p-band and is temperature dependent. We determine n d by integrating the product of the total density of states below the d-band edge and the number of available states as a function of energy; i.e., n d = ͐D ,d ͑1 − f͒d. Note that the changes in band number density yield an increase in scattering rates in the s / p-band but a decrease in scattering rates in the d-band since the number density is increasing in the s / p-band while decreasing in the d-band. Equation ͑12͒ has a similar form of the electron-electron scattering rate as the phenomenological expression presented by Chan et al. 6 However, since we assume an equilibrated electron system, we do not include any weighting factor to account for heavy holes in the s / p-band. Although we take the electrons and holes as equilibrated in this work, we still assume that the electrons have not coupled with the phonons so the phonon system can still be treated as an equilibrated system at 300 K, separate from the high temperature, equilibrated electronic system. This is a valid assumption since the electron-hole relaxation time in Au is nearly an order of magnitude faster than the electron-phonon equilibration time. 8 In addition, we account for the change in the electronphonon scattering rates due to the change in number density in the bands in Eq. ͑13͒, since the strength of the electronphonon interaction and subsequent energy transfer rate will increase ͑decrease͒ as the number of electrons increases ͑decreases͒.
2,10,32,33 For calculations of Eqs. ͑12͒ and ͑13͒, we turn to the procedure outlined by Chan et al., 6 that is, we treat the electronic scattering in the s / p-band similar to that observed from low temperature Au resistivity measurements and that in the d-band similar to that from low temperature Ni resistivity measurements. 11, 34 
III. DISCUSSION
Figures 2͑a͒-2͑c͒ show S 2 , L, and ZT, respectively, for Au as a function of electron temperature normalized by their respective values at T e = 300 K ͑i.e., electron-phonon equilibrium͒. It is interesting to note that the square of the Seebeck coefficient ͓Fig. 2͑a͔͒ increases over 4 orders of magnitude at electron temperatures of 10,000 K. This is consistent with the conceptual definition of the Seebeck coefficient, which represents the average energy of a mobile electron, or the average heat current carried per electron. 9 The sharp d-band edge represents a large spike in average electron energy, and as temperature is increased, the average energy increases corresponding to the increases in S 2 . However, the temperature onset of the increase in S 2 ͑ϳ4000 K͒ does not correspond exactly to the onset of d-band excitations in Au ͑ϳ3000 K͒ due to electron scattering processes. 2 The immensely strong scattering processes suppress the effects of the increased electron energy on S 2 until about 0.1 eV into the d-bands; i.e., the scattering term outweighs the energy and density of states increase in Eq. ͑10͒ until ϳ4000 K. The leveling off of S 2 around 10,000 K is ascribed to a decrease in the change of electron energy with electronic excitations at energies beyond the initial d-band peak.
The normalized Lorentz number ͓Fig. 2͑b͔͒ is a constant up to the onset of d-band thermal excitation after which point L decreases with a local minimum at ϳ7000 K. Since L = / ͑T͒, the increase in L due to electron number density is greater than the increase in L due to thermal energy as the d-bands become excited. This arises due to the large rise in electron population at the d-band edge. At low temperatures and small perturbations, the density of states around the Fermi energy of a free electron metal is approximately constant leading to the constant Lorentz number. 35 However, with the thermal excitations from the d-band, the density of states in Au becomes highly nonlinear, causing a decrease in L. This shows that the Wiedemann-Franz Law no longer holds for noble metals under strong electron-phonon nonequilibrium in which d-band electrons are thermally activated. Figure 2͑c͒ shows the normalized thermoelectric figure of merit for Au under conditions of strong electron-phonon nonequilibrium as a function of electron temperature. The figure of merit in Au dramatically increases with the onset of d-band thermal excitations with a predicted maximum increase of ϳ22 000 times that at room temperature during electron-phonon equilibrium conditions. We note, as previously mentioned, that all the properties calculated in this work are considered "ultrafast" properties as they exist under conditions of strong electron-phonon nonequilibrium, which, after short pulsed laser heating, only persists for time scales on the order of picoseconds in metals.
To put this increase into perspective, the highest increase in ZT reported was measured in Bi 2 Te 3 / Sb 2 Te 3 superlattices ͑ZT ϳ 2.5͒ that showed a factor of 2.5 increase over bulk Bi 2−x Sb x Te 3 ͑ZT ϳ 1.0͒. 36 The highest theoretical increase in ZT was predicted in low dimensional Bi 2 Te 3 -like materials, where the limiting dimension in a quantum well ͑two-dimensional͒ or quantum wire ͑one-dimensional͒ was 5.0 nm. 37 These ZT values were predicted as 5.0 for the quantum well and 14.0 for the quantum wire and the theoretical ZT decreased with increases in the limiting dimension. In bulk gold under strong nonequilibrium conditions, a maximum instantaneous ZT of 3.5 at 10,000 K is predicted from the model presented in this work, assuming a room temperature equilibrium lattice, and a value of ZT for bulk Au of 0.000162. This increase in ZT in Au is achievable without any structural modification or nanostructuring and is based solely on the intrinsic properties of bulk Au. Although there may be some degree of melting after the electron system at 10,000 K has equilibrated with the phonon system, the ultrafast properties studied in this work will be unaffected by this since we study these properties in Au before electronphonon equilibration begins ͑i.e., before the electron loses energy to the lattice causing any structural or phase change͒.
Although we predict a massive enhancement in ZT during electron-phonon nonequilibrium, the thermoelectric benefit may not be available for traditional thermoelectric applications. For example, these calculations were performed assuming a room temperature lattice. This means that the time in which the metal can be used as an efficient thermoelectric under these conditions is limited to the electronphonon equilibration time after short pulsed laser excitation, that is, about 5 ps.
2 A state-of-the-art short pulsed laser system with 1 GHz repetition rate yields a usable duty cycle to extract the thermoelectric benefit from the excited metal of 0.5%. Using the nonequilibrium and equilibrium ZT of Au and accounting for this duty cycle yields a best case average ZT of 0.018 for a gold target irradiated with short pulses. It remains to be seen whether it is possible to design a system that can utilize the ultrafast thermoelectric properties of metals during electron-phonon nonequilibrium in applications involving ultrashort, high-power thermal fluxes. However, it should be possible to measure the average enhancement in the metal ZT value using a short pulsed laser system to verify the analysis presented here. The breakdown of the Wiedemann-Franz relation could also have important implications in experimental situations exhibiting conditions of strong electron-phonon nonequilibrium ͑laser pulses, shock wave physics͒, where electrical conductivity measurements can be used to estimate thermal conductivity. Using the equilibrium Lorentz constant in these scenarios will lead to an overestimate of the actual thermal conductivity.
IV. CONCLUSIONS
In summary, we investigated the effects of large electronic thermal excitations on the thermoelectric transport properties of gold. Under conditions of strong electronphonon nonequilibrium, we show a massive enhancement in the Seebeck coefficient and find that the Wiedemann-Franz law breaks down. Although we perform representative calculations for Au, these results are similar for the other noble metals ͑Ag and Cu͒ due to the characteristic large d-band separation from the Fermi energy. Laboratories is a multiprogram laboratory operated by Sandia Corporation, a wholly owned subsidiary of LockheedMartin Corporation, for the United States Department of Energy's National Nuclear Security Administration under Contract DE-AC04-94AL85000. First principle calculations were performed on the Intel Cluster at the Cornell Nanoscale Facility, which is part of the National Nanotechnology Infrastructure Network funded by the National Science Foundation.
